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AS A PHYSICAL LOAD, THE STANDING human body is an inverted pendulum and is thus inherently unstable. With the vertical projection of the body's center of mass usually passing in front of the ankle joint and insufficient passive stiffness of the Achilles tendon and other tissues (18) , active plantar-flexor torque is required to maintain standing balance (18, 20) . In humans, plantar flexion is primarily accomplished by the triceps surae: the soleus muscle (SOL) and the medial and lateral heads of the gastrocnemius muscle (MG and LG, respectively). Despite being agonists, these muscles differ in many respects in humans. For example, the gastrocnemius is a biarticular muscle with a considerable proportion (ϳ52%) of fast-twitch muscle fibers, whereas SOL is a monoarticular muscle with a very high proportion (ϳ88%) of slow-twitch muscle fibers (1, 13) . Opposite electromyographic responses (i.e., facilitation vs. inhibition) have also been observed between MG and SOL and between gastrocnemius heads during reflex activation (8, 31, 40) and functional tasks such as weight shifting, walking, running, and hopping (7, 23, 31, 32) . These anatomical, neurophysiological, and functional differences support the notion that despite sharing a common distal tendon, the muscles of the human triceps surae appear to have distinct functional roles. Whether these functional differences are associated with distinct motor unit (MU) discharge behavior between muscles and tasks has not been systematically examined.
The distal portion of the triceps surae terminates into the Achilles tendon to transmit muscle force to the posterior aspect of the calcaneous (heel) bone and generate plantar flexion. Given this common tendon, torque measures cannot be used to distinguish MG, LG, and SOL contributions to overall plantar flexion. Although surface electromyography can be used to measure triceps surae neuromuscular activity during standing balance (14) , its interpretation can be difficult because it is a filtered cumulative sum of nearby MU action potentials (9) . This makes the association between surface electromyography and the physiological processes that generate muscle activity difficult to pinpoint and prone to erroneous conclusions (9, 10, 26) . On the other hand, the measurement of action potentials from individual MUs provides a direct measure of motor output from the spinal cord because of the one-to-one association between the firing of ␣-motoneurons and their associated muscle fibers (25) . This allows key features of MU behavior such as recruitment thresholds, mean discharge rates, and discharge rate variability to be measured. The ability to simultaneously record MU activity from several agonist muscles allows ␣-motoneuron firing behavior to be compared between muscles during the same task, and to investigate whether firing behavior is modified in tasks with different neural drive.
In human standing balance, SOL MUs discharge continuously, and modulate their firing rate with changes in ankle plantar-flexor torque (29) . In contrast, MG MU activity is intermittent, with minimal rate coding; relying instead on MU recruitment to produce additional torque (37) . It is unknown whether this continuous vs. intermittent MU activity is associated with differences in recruitment threshold or spike-tospike variability between these two muscles. Equally important is whether these differences are intrinsic to the muscles involved or whether they result from the type of neural drive that controls standing balance. For example, Mochizuki et al. (27) (28) (29) reported greater levels of common drive to pairs of SOL MUs in standing compared with an isometric task, but similar levels of MU synchronization. Whether differences in neural drive affect the discharge behavior of individual MUs in the human triceps surae is unknown. Even less is known about LG MU behavior. As the lateral counterpart of the MG, LG has the same muscle fiber composition and distal tendon, and is also biarticular. Although it is generally assumed that MUs from the lateral portion of the gastrocnemius muscle behave similarly to MG MUs, this has not been investigated in humans (38) . Here we examine the behavior of SOL, MG, and LG MUs in two tasks that involve different neural drive to the motoneurons of these muscles. Standing balance and voluntary ramp-and-hold contractions can be performed with similar levels of plantarflexor torque, but the neural drive to triceps surae motoneurons differs substantially between these tasks: standing balance is believed to involve subcortical structures with vestibular contributions, whereas muscle activation during a nonbalancing task is believed to be largely cortically driven, with little known vestibular contribution (21, 22) . We recorded indwelling MU activity from SOL, MG, and LG in these two tasks to investigate several key questions about the neural control and functional role of the human triceps surae. Specifically, whether the phasic muscle activity observed in MG is also present in LG; the extent to which MU discharge rates and discharge variability differ between muscles of the triceps surae; whether muscle-specific MU behavior is dependent on the type of neural drive (balance vs. voluntary drive); and whether MU recruitment and rate coding both contribute to modulate torque output by the triceps surae in standing balance.
METHODS

Subjects
Seven healthy subjects (1 woman; age range 23-48 years) with no known history of neurological disease or injury participated in the study. The experimental protocol was explained and written informed consent was obtained prior to the study. All study procedures conformed to the standards of the Declaration of Helsinki and were approved by the University of British Columbia's Clinical Research Ethics Board.
Single MU Recordings
Single MU activity was recorded using custom-made, sterilized, fine-wire indwelling electrodes. The electrodes were made using two 0.05-mm insulated stainless steel wire strands wound together (California Fine Wire, Grover Beach, CA). The two wires were cut at the recording end, exposing the noninsulated cross-section of the wires (i.e., 0.05 mm). These tips were folded back to create two 1-mm barbs to anchor the wires in the muscle. Insertion of the wire electrodes into the right MG (six wires), LG (four wires), and SOL (four wires) was performed under ultrasound guidance (SonoSite Micro Maxx, Bothell, WA) (Fig. 1A) . After cleaning the skin, a surface ground electrode was placed over the right lateral malleolus. MU activity was recorded using a high impedance GRASS 15CT amplifier (Astromed, West Warwick, RI), filtered (band-pass 30 -6,000 Hz), amplified (ϫ5,000), and digitized at 15,152 Hz using a 16-bit CED DAQ-card and Spike2 software (Cambridge Electronics Design, Cambridge, UK).
Testing Protocol
Participants stood barefoot with their right foot on a forceplate (Bertec 4060 -80; Bertec, Columbus, OH) and their left foot on a large stable surface of equal height (Fig. 1B) ; the medial malleoli were 10 -15 cm apart. The plantar/dorsi-flexion axis of rotation of the right foot was aligned with the medio-lateral axis of the forceplate at a known distance from the midline of the forceplate. Vertical force, anterior-posterior (A-P) torque, and medio-lateral (M-L) torque were measured for the right foot.
Subjects were instructed to stand with their eyes open and their hands by their side. MU activity and forceplate data were recorded during two 3-min trials. In four subjects, verbal cueing to stand with a slightly forward lean was required to elicit clear gastrocnemius activity. Subjects were provided with a 2-min rest period between trials.
Subjects were then braced to a rigid board (Fig. 1C ) and asked to perform a series of isometric ramp (15 s) and hold (45 s) plantar flexion contractions against the forceplate. The position of the feet and the mean ankle angle remained the same as during the balance trials. This allowed us, in most cases, to measure the same MUs during standing balance and voluntary ramp-and-hold trials and determine the effects of differing neural drive on MU discharge behavior. The ramp phase of the contractions was used to determine MU recruitment thresholds, and the hold phase was used to compare MU discharge behavior between balance and voluntary conditions. Because we tracked several MUs simultaneously, it was not feasible to have subjects produce all the contraction intensities required to have the same mean firing rate between balance and voluntary conditions for each MU. On the basis of pilot experiments, target intensities that corresponded to the mean A-P torque and 35% of the mean A-P torque produced in balance trials were selected as target torques because they generated similar mean discharge rates between balance and voluntary trials in a majority of MUs. A third target intensity of 90% of maximal A-P torque produced in balance trials was chosen to identify the recruitment threshold and maintain a similar mean discharge rate to that produced during standing balance for higher threshold MUs. For each trial, subjects were provided with visual feedback of the target ramp-and-hold A-P torque profile and their own A-P torque production. Each contraction intensity was performed three times, with the order of presentation randomized. A 2-min rest period separated each trial.
Data Analysis
To have a representative sample of active MUs, our goal for standing balance trials was to obtain, across all subjects, a total of 5 MUs for each of the 14 insertion sites; the ramp-and-hold contractions for these MUs were also analyzed. MU action potentials were identified and extracted using Spike2 software (Cambridge Electronic Design, Cambridge, UK). The algorithm identified MUs on the basis of size, shape, and timing. The identified MUs were then manually reviewed and sorted to include unmatched action potentials and to solve for instances in which two MU discharges were superimposed. Once MUs were sorted, discharge times were exported to Matlab (Mathworks, Natick, MA) for further analysis.
MU discharge behavior and recruitment threshold. For standing balance and voluntary ramp-and-hold trials the number of active MUs, activation ratios, recruitment thresholds, mean interspike intervals (ISI), and ISI variability were calculated. The activation ratio quantifies the percentage of time a MU had ISI Ͻ250 ms during standing balance trials (11, 34) , with 0% corresponding to no activity and 100% representing continuous activity. For each MU, mean ISI and ISI variability were computed for periods when ISI Ͻ250 ms during standing balance (two trials) and voluntary ramp-and-hold conditions (45 s constant torque portion; three trials). MU discharge variability was calculated as the coefficient of variation of ISI.
The recruitment thresholds of MUs active in standing balance were determined from ramp-and-hold trials. The A-P torque at which each identified MU was first recruited (three consecutive MU action potentials with ISI Ͼ250 ms) was identified and normalized to the maximum A-P torque produced in standing balance trials (36) . Because LG showed little to no MU activity in standing balance despite clear MU activity in high-intensity ramp-and-hold trials, the first three MUs recruited for all LG, MG, and SOL ramp-and-hold trials were identified and their recruitment thresholds determined. This allowed us to compare the lowest threshold MUs for LG (n ϭ 54), MG (n ϭ 83), and SOL (n ϭ 51).
Relationship between sway kinetics and MU discharge rate and recruitment. Whereas the primary action of the triceps surae is ankle plantar flexion (i.e., A-P torque), MG activity is also related to lateral body motion and the abduction moment about the ankle in standing balance (37) . To investigate the relationship between sway kinetics and MU discharge rates in standing balance (i.e., rate coding), we determined A-P torque, M-L torque, and vertical force for each discharge of each MU. If an MU discharged 2,000 times over the course of a 3-min balance trial, there would be 2,000 values for A-P torque, M-L torque, and vertical force. Stepwise linear regression was used to determine the relationship between the discharge rate of each MU and the measured kinetic variables associated with standing balance in MUs that fired Ͼ250 times in the two standing balance trials. For each MU we retained the number of times a significant regression model was found, the R 2 value of the model, and which kinetic variables were retained as part of the model.
To investigate the role of MU recruitment in the generation of vertical force and M-L and A-P torques produced in standing balance trials, we determined the linear relationship between the number of active MUs across subjects and standing balance kinetic variables. For each SOL and MG MU we determined whether they were active (ISI Ͻ250 ms ϭ 1) or inactive (ISI Ͼ250 ms ϭ 0) for each sample of kinetic data. Normalized A-P torque, M-L torque, or vertical force values (range produced in standing balance trials corresponded to 0 -100%) were then separated into 10% bins and the mean for each bin's binary data (i.e., 0 ϭ not active, 1 ϭ active) was calculated to determine whether a MU was, on average, active (mean Ͼ0.5) or silent (mean Յ0.5). For each bin the total number of active SOL and MG MUs across all subjects was determined; this analysis provided an overall count of active MUs for normalized A-P torque, M-L torque, or vertical force in standing balance.
Statistical Analysis
Nonparametric statistics were used for data that were non-normally distributed (Kolmogorov-Smirnov test) or had unequal variance between muscle groups (homogeneity of variance test). The KruskalWallis test was used to determine whether the recruitment thresholds of the first three activated MUs from each recorded signal differed between muscles. When a significant main effect was found, Dunn's test was used for post hoc comparisons. The Mann-Whitney rank-sum test was used to compare activation ratios, recruitment thresholds, and stepwise linear regression R 2 values between muscles for standing balance trials. The Rank Transform test was used to compare mean ISI and ISI variability across muscles and neural drive conditions (balance and voluntary ramp-and-hold). This test is a nonparametric equivalent to a two-factor ANOVA and calculates the F statistic on the basis of rank (12, 35) . When a significant main effect or interaction was found, the Tukey test was used for post hoc comparisons. Linear regression was used to determine the relationship between the overall number of active MUs and A-P torque, M-L torque, or vertical force produced in standing balance trials, and an unpaired t-test was used to determine whether slope values were significantly different between muscles. The threshold for significance for all tests was ␣ ϭ 0.05. Boxplots are used in figures; on each box, the central mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers are 1.5 times the length of the box, and data points outside this range are plotted individually. Values reported in the text are median and interquartile ranges.
RESULTS
Across all subjects, a total of 39 MG MUs and 21 SOL MUs were decomposed and analyzed for standing balance and rampand-hold trials, with 5-6 MUs at each of the six MG and four SOL sites (Fig. 1A) . Only one LG MU was consistently active in standing balance trials, whereas another three MUs were active 8.7%, 4.1%, and 2.3% of the time.
LG Activity and MU Recruitment Thresholds
A consistent observation across subjects was that a forward lean on the verge of eliciting a step response was required to elicit LG MU activity. In line with these observations, there was little to no LG MU activity in standing balance trials. This lack of LG MU activity can be seen in Fig. 2A , which shows 1 min of standing balance data from five MG, four LG, and three SOL recordings from a typical subject. Although there is clear activity from one or more MUs on all MG and SOL recordings, there is no MU activity on any of the LG recordings; this was the case for the entire 6 min of balance data for this subject.
Because LG MUs required greater plantar-flexor torque to be activated, we investigated the possibility that they had elevated recruitment thresholds. Figure 2B presents 30 s of ramp-and-hold data from a 90% maximum A-P torque trial for the same subject and the same recording sites as those presented in Fig. 2A . Although MG and SOL MUs were recruited at the start of the ramp contraction and new MUs were recruited throughout the ramp phase, all but one LG MU were recruited in the hold phase of the contraction. When considering the recruitment threshold of the first three activated MUs from each recording with good signal quality, there was a significant difference between muscles (Kruskal-Wallis, P Ͻ 0.001; Fig. 3 ). Post hoc comparisons revealed LG MU recruitment thresholds [ LG 67.3% (43.5-75.9%)] were ϳ20 times greater than MG MU recruitment thresholds [3.4% (1.5-8.9%), P Ͻ 0.001] and ϳ35 times greater than SOL MU recruitment thresholds [2.0% (0.9 -6.0%), P Ͻ 0.001]. Comparatively, MG MU thresholds were only 1.7 times greater than those of SOL MUs (P ϭ 0.001).
MG and SOL MU Characteristics and Discharge Behavior
In standing balance trials, MG MU activity was intermittent compared with that of the more continuously active SOL MUs (Fig. 4) . When considering the entire sample of MG and SOL MUs, activation ratios were significantly lower in MG MUs [73.6% (51.8 -95.2%)] compared with SOL [100% (94.4 -100%)] (P Ͻ 0.001; Fig. 5A ). In line with activation ratio Fig. 2 . Example of motor unit activity from all three muscles during standing balance and ramp-and-hold trials. A: 60 s of standing balance data from five recordings from medial gastrocnemius (MG) and four from lateral gastrocnemius (LG), and three recordings from soleus (SOL) of one subject (top); A-P torque, M-L torque, and vertical force (bottom). Although there is clear MU on all MG and SOL recordings, there was absolutely no LG activity. B: data from the same subjects for a ramp-and-hold 90% maximum A-P torque trial. Although numerous MUs are recruited in MG and SOL in the early part of the ramped plantar-flexion contraction, LG MUs are recruited considerably later. results and the difference between MG and SOL MUs recruitment thresholds for the earliest recruited MUs, the recruitment threshold of MUs studied in standing balance trials was higher in MG than in SOL (P ϭ 0.022; Fig. 5B ).
Although mean ISI was ϳ5% lower in voluntary ramp-andhold trials compared with balance trials (Fig. 5C ; neural drive main effect, P ϭ 0.029), there was no difference between SOL and MG mean ISI (muscles main effect, P ϭ 0.799; muscles ϫ neural drive interaction, P ϭ 0.547). In terms of spike-to-spike variability, ISI variability was ϳ8% higher in standing balance trials compared with voluntary ramp-and-hold trials (neural drive main effect, P ϭ 0.026; Fig. 5D ). However, more noticeable was the greater variability in MG MUs compared with SOL MUs (see 
Relationship Between Sway Kinetics and MU Discharge Rate and Recruitment
The possible relationship between instantaneous discharge rates and A-P torque, M-L torque, and vertical force was first plotted for visual inspection. Figure 6 , A and B, shows examples of these plots for two MG MUs and one SOL MU, with vertical force or M-L torque along the x-axis and A-P torque along the y-axis. The figure shows that the range of discharge rates was lower in SOL MUs, and that the increase in discharge rate with greater A-P torque was gradual for this MU. The two MG MUs also modulated their firing rate with changes in A-P torque, but this modulation was less uniform.
Stepwise regression analysis of MG and SOL MUs revealed a significant regression model in all but one MG MU. In significant models, A-P torque was retained in 70% of cases, vertical force in 46%, and M-L torque in 41%. Although there was no trend for any kinetic variables to be retained more often by MG or SOL MUs, the strength of the relationship between MU discharge rate and kinetic variables, as reflected by R 2 values, was ϳ30% less in MG MUs (Fig. 6C, P ϭ 0.039) .
Examples of the association between standing balance kinetic variables and MG MU recruitment are visible in Fig. 2A   Fig. 5 . MG and SOL MU behavior during standing balance and ramp-and-hold trials. A: activation ratio results indicate that MUs from SOL were active much more consistently than those from MG during standing balance trials (sway). B: these results are in line with the higher recruited thresholds found for MG MUs during ramp-and-hold trials (braced). C: mean interspike intervals (ISI) were comparable between MG and SOL during standing balance trials. This was also the case for the ramp-and-hold trials. Overall, mean ISI was slightly higher during standing balance trials compared with the ramp-and-hold trials. D: the ISI coefficient of variation was slightly but significantly higher during standing balance trials compared with ramp-and-hold trials. The difference in ISI variability between MG and SOL MUs was marked and this for both standing balance and ramp-and-hold trials. *P Ͻ 0.05; **P Ͻ 0.001. Fig. 6 . Relationship between MU discharge rates and kinetic variables during standing balance trials. A: forceplate data from both standing balance trials with A-P torque along the y-axis and vertical force along the x-axis (left); 2-dimensional heat maps for two MG and one SOL MU (three right panels). Motor unit discharge rates were separated into bins and averaged to create these plots. Discharge rates were much lower for the SOL MU, and all three MUs increased their discharge rate with increasing plantar flexor torque. The two MG MUs also increased their discharge rate with increasing vertical force. B: data from the same three MUs are replotted with M-L torque along the x-axis. C: results from the stepwise linear regression between MU discharge rate and A-P torque, M-L torque, and vertical force. Overall, A-P torque was retained in 70% of the regression models compared with 41% for M-L torque and 46% for vertical force, and R 2 values were significantly greater for SOL MU compared with MG MU. *P Ͻ 0.05.
and Fig. 4 , with MU recruitment and derecruitment that coincide with increases or decreases in A-P or M-L torque. Linear regression was used to quantify the strength of the relationship between the overall number of active MUs across subjects and kinetic variables recorded in standing balance (Fig. 7) . There was a strong linear relationship between the number of active MG and SOL MUs and A-P and M-L torque production; vertical force measures were not significantly related to the number of active MUs in either muscle. When considering the slopes of these relationships, the total number of active MG MUs increased at a similar rate as in the SOL (P Ͼ 0.201).
DISCUSSION
The present study investigated the behavior of motor units from all three parts of the human triceps surae in two conditions that involve different neural drive: standing balance and voluntary isometric contractions. Whereas previous work focused on surface electromyography or indwelling recordings from a single muscle, our experimental approach allowed us to make these key observations on the behavior of MUs from the three portions of the triceps surae. 1) Lateral gastrocnemius MUs showed little to no activity in standing balance, and this appears to be due to recruitment thresholds being 20 -35 times higher than MG and SOL MUs. 2) Medial gastrocnemius MU discharge rate variability was twice that of SOL MUs in both standing balance and voluntary contractions. 3) These MU properties were not a consequence of the type of neural drive to the motoneuron pool. 4) Higher A-P and M-L torque values in standing balance are associated with increased MU firing rates and a greater number of active MUs for both SOL and MG.
The 20-fold difference in MU recruitment threshold between two heads of a same muscle was unexpected and provides evidence of an important physiological difference between MG and LG. Similarly, a twofold difference in MU discharge variability between two agonists (SOL and MG) is not typical in humans (4, 39) and may reflect an adaptation to the type of contraction most often accomplished by each muscle. These differences were present in low to moderate contractions in both standing balance and isometric contractions, which points to local (i.e., spinal) differences in the motoneuron pools that innervate the triceps surae rather than differences in descending drive. In the following sections we interpret our results in the context of previous research findings and discuss how these new insights provide evidence for functional optimization of the three muscles of the triceps surae.
Lack of LG Activity During Standing Balance
The recruitment threshold of the first active MG MUs in a ramped contraction were ϳ2 times greater than SOL MUs. Similarly, MG MUs active in standing balance trials had recruitment thresholds ϳ3 times greater than their SOL counterparts. Although certainly not negligible, these results are in stark contrast to the 20-fold difference in recruitment threshold that was noted between the medial and lateral aspects of the gastrocnemius muscle. Several other human muscles have distinct compartments or muscular heads. However, we were unable to locate any examples of large differences in recruitment thresholds between distinct compartments of a single human muscle. For example, the flexor digitorum superficialis has four components that correspond to the four digits upon which it acts, and the earliest recruited MUs from each muscle component have similar recruitment thresholds (3). Similarly, Kamo (15) found no difference in recruitment threshold between the first recruited MUs in three heads of the quadriceps femoris muscle: the vastus medialis, vastus lateralis, and rectus femoris. Thus the gastrocnemius seems somewhat unique with its two muscular heads that have MUs with dramatically different recruitment thresholds.
The LG and MG are the two heads of a single muscle, and an important question is whether possessing a distinct population of higher-threshold MUs in the anatomically smaller LG would have a functional or physiological benefit. If there was a truly distinct population of higher-threshold MUs with larger motoneurons in LG, it might be possible for descending neural drive to selectively activate this motoneuron pool. Similarly, global descending drive to the plantar flexor motoneuron pool would lead to MU recruitment on the basis of Henneman's size principle (9, 10, 25) , and thus later recruitment of LG MUs. However, it is not clear why this would be more advantageous Fig. 7 . Relationship between MU recruitment and kinetic variables during standing balance trials. Results of the linear regression between the overall number of active MG and SOL MUs across subjects and normalized to vertical force (A), A-P torque (B), and M-L torque (C). Kinetic variables were normalized to the minimum and maximum values produced during the standing balance trials and the count of active MU was determined in 10% bins. There was a moderate to strong linear relationship between the number of active MUs and A-P and M-L torque for both MG and SOL, whereas no relationship was present for vertical force.
than a uniform distribution of MU sizes across both heads of the gastrocnemius.
An alternative explanation that we favor is that our results reflect an anatomical difference between the MG and LG rather than a purely neurophysiological difference. There are examples in humans in which a portion of a motoneuron pool is preferentially activated because the muscle fibers they innervate have a mechanical advantage for a specific task or posture. For example, the intercostal muscles [see Butler (2) for a review] show a rostro-caudal and dorso-ventral gradient of activation that closely parallels their calculated mechanical advantage, and these patterns of activation are preserved in animal models when all afferent feedback is removed (5) . In terms of the triceps surae and standing balance, low-level isometric plantar flexion (Ͻ20% maximum voluntary contraction) with the ankle joint in a neutral position is associated with muscle fiber lengths and pennation angles that are similar for MG and SOL (ϳ40 mm and ϳ20°), but different from those of LG muscle fibers (ϳ80 mm and ϳ10°) (16, 24) . This anatomical difference and the possible mechanical disadvantage it provides to LG may be associated with a reduction in motoneuron excitability, which could contribute to higher recruitment thresholds and minimal LG MU activity in standing balance. More broadly, we propose that this anatomical arrangement may reflect an optimization via which MG and LG are preferentially activated within relatively distinct knee and ankle configurations, which would increase the functional capabilities of the triceps surae. The greater muscle volume of the MG may reflect that as bipeds, humans generate plantar flexor torques within a somewhat limited range of motion that is optimal for MG and its muscle fascicles. Overall, additional experiments that closely control both knee and ankle angle, movement velocity, torque generation, and task requirements are needed to confirm these hypotheses for the gastrocnemius.
SOL and MG MU Activity in Standing Balance
Several reports have indicated that the SOL is continuously active in standing balance, whereas the gastrocnemius tends to be more intermittently active (14, 29, 30, 37) . This has led the proposal that ongoing SOL activity in standing balance provides a background plantar-flexion torque to counteract the static gravitational body load, whereas intermittent gastrocnemius activity generates dynamic ankle plantar-flexor torque to stabilize the moving body (40) . In the present study, these patterns of global activation were accompanied by a twofold difference in the amount of discharge rate variability between the SOL and MG. This difference in variability was independent of the descending drive to the muscles, suggesting functional adaptation of the motoneuron pool innervating the muscles of the triceps surae. The greater variability in MG does not appear to be due to the phasic behavior of its MUs in standing balance because it was still present in isometric contractions when these MUs were continuously active.
In humans, it is unusual for MUs from agonist muscles or different compartments of a single muscle to have large differences in discharge rate variability. For example, discharge rate variability is similar between the biceps brachii and the brachialis (4) , and between the various muscular heads of the quadriceps femoris (39) . Thus this leads to the question of whether this large difference in discharge rate variability is of functional importance. For SOL, low discharge rate variability would be beneficial in its role as the primary plantar flexor in standing balance: it would result in relatively stable MU firing rates that would experience gradual increases and decreases with changes in A-P torque. This type of MU activity would generate relatively stable muscle tension, which seems appropriate for a muscle that is continually active in standing balance. Conversely, the MG is regarded as a powerful muscle that is less suited for sustained contractions. This is in line with the higher recruitment thresholds in MG MUs and the intermittent nature of MG activity in standing balance required to stabilize the moving body. In the present experiment, we also noted that MG MUs had greater discharge rate variability compared with SOL MUs. Greater discharge rate variability is associated with larger force fluctuations in low-level contractions (6, 31), which would not be optimal for standing balance when contraction levels are relatively low. However, greater discharge rate variability is also associated with greater force production in higher-threshold MUs (17) , which would be beneficial in a muscle such as MG, which is often required to generate high levels of torque. Thus, differences in SOL and MG MU discharge behavior appear to reflect a physiological optimization for the types of contractions these muscles most often produce.
Relationship Between Sway Kinetics and MU Discharge Rate and Recruitment
In the present experiment, stepwise linear regression was used to investigate the relationship between MU discharge rate and standing balance kinetic variables. In line with the key role the triceps surae plays in plantar flexion, A-P torque was retained in 70% of the regression models compared with 40 -45% for M-L torque and vertical force measures. These findings agree with recent reports of an association between center of pressure A-P movements and MU firing rates (29, 31) . When we consider the strength of the relationship between MU firing rate and A-P sway, Vieira et al. (37) reported an r value of 0.07 for MG MUs, whereas a similar analysis by Mochizuki et al. (29) yielded r values of 0.20 -0.28 in SOL MUs, which support our current findings. The strength of these relationships indicate that the discharge rate of triceps surae MUs, and consequently the excitability of the associated ␣-motoneurons in the spinal cord, is influenced by factors not included in the regression analysis. One such factor is the intrinsic stiffness of the ankle joint. When we stand, small changes in muscle activity are not the only source of plantar flexion torque. There is a passive contribution (i.e., intrinsic stiffness) from in-series and in-parallel tissues (e.g., muscles, tendon, ligaments, fascia) that corresponds to approximately 65-90% of the normalized load stiffness of the human body (18, 19) . Thus ankle moments and forces produced in standing balance are only partially due to active muscle tension from the triceps surae, and this likely explains the low to moderate strength of the regression models.
The other mechanism by which muscle tension can be increased is the recruitment of additional, higher-threshold MUs. In the present study, there was a positive linear relationship between A-P and M-L torque in standing balance, and the overall number of active MG and SOL MUs across subjects. The strength of this relationship and the associated slope values were similar between MG and SOL. This is in line with the results reported by Vieira et al. (37) , who showed a linear increase in the number of recruited MG MUs with more forward body positions. Overall, both rate coding and MU recruitment contribute to the generation of SOL and MG muscle tension in standing balance, although the relative importance of these mechanisms may vary between muscles.
Conclusion
The most surprising result from the present study was the relative absence of LG MU activity in standing balance, which was accompanied by dramatically higher recruitment thresholds compared with both SOL and MG MUs. At present, the most plausible explanation for this finding is that the distinct orientation of LG muscle fascicles compared with those of the SOL and MG result in a difference in mechanical advantage that influences MU excitability. This leads to the hypothesis that the medial and lateral portions of the gastrocnemius do not share the same optimal range of knee and ankle positions for force production, and that this type of configuration would improve the function of the ankle without the need for an additional muscle. Confirming previous reports, SOL activity was tonic during standing balance, whereas MG activity was phasic, with MU recruitment and rate coding both contributing to the generation of active muscle tension in standing balance. This was accompanied by much greater ISI variability in MG MUs in both standing balance and voluntary trials. Although preliminary, it appears that the amount of MU discharge variability may be tailored to the type of contraction most often performed by a given muscle. Overall, these findings provide evidence at the MU level that the muscles of the triceps surae have distinct functional roles that are not a mere consequence of the neural drive associated with the performance of different tasks. 
